| I N TR ODU C TI ON
Robinow syndrome (RS) is a genetically heterogeneous, multiple malformation syndrome characterized by short stature, characteristic facies, skeletal anomalies, hypoplastic external genitalia as well as renal and vertebral anomalies. Both dominant and recessive forms of RS have been recognized and have been distinguished by the severity of their signs and symptoms; the typically more severe form of RS has an autosomal recessive mode of inheritance (MIM #268310) and the milder form is inherited in an autosomal dominant fashion (MIM #180700, MIM #616894, MIM #616331) (Afzal & Jeffery, 2003; Roifman et al., 2015) . It is, however, recognized that there is a wide range of severity in both recessive and dominant disease (Mehawej et al., 2012) . Short stature and skeletal abnormalities appear more common in recessive RS (Bacino, 2011) , while typical stature has been associated with DVL1 related autosomal dominant RS (White et al., 2015) .
Biallelic mutations in ROR2, a co-receptor of WNT5A, are known to cause the autosomal recessive form of RS (Afzal & Jeffery, 2003; Afzal et al., 2000; van Bokhoven et al., 2000) . WNT5A, DVL1, and DVL3 have been identified as causative genes for the often milder, autosomal dominant form of RS (Roifman et al., 2015; Person et al., 2010; van Bokhoven et al., 2000; White et al., 2015 White et al., , 2016 . All four genes encode *Equal contribution. for components of the WNT signaling complex, which regulate critical morphogenic events, including embryonic patterning, cell differentiation, growth, and migration (Dass et al., 2016; Gonz alez-Sancho, Brennan, Castelo-Soccio, & Brown, 2004; Ma, Wang, Malbon, & Wang, 2010; Niehrs, 2012; Nishita et al., 2010; Oishi et al., 2003; Schleiffarth et al., 2007; Yamaguchi, Bradley, McMahon, & Jones, 1999) .
We have previously reported the case of a 46,XY infant with a unique constellation of malformations including congenital diaphragmatic hernia, ambiguous genitalia, dysmorphic facies, shortened long bones, adactyly, and ventricular septal defect (VSD) (Esplin et al., 2015) .
The parents of the patient show no specific findings of RS on history or exam. Here we report the results of trio whole genome sequencing and identify a frameshift variant in WNT5A that is homozygous in the patient and heterozygous in the parents. We propose that the patient's condition is a severe presentation of RS resulting from a novel homozygous frameshift WNT5A mutation. In concert with the literature on the consequence of heterozygous and homozygous Wnt5a knockout in mice (Cervantes, Yamaguchi, & Hebrok, 2009; Li, Xiao, Hormi, Borok, & Minoo, 2002; Oishi et al., 2003; Yamaguchi et al., 1999) , the new genetic findings provide evidence for an autosomal recessive subtype of RS associated with WNT5A mutations.
| M A TE RI A L S A ND M E TH ODS

| Human subjects
This project was reviewed by the Stanford Institutional Review Board (IRB). Written informed consent was obtained for participants.
2.2 | Whole genome sequencing of patient and family
| Prior genomic testing
Prior to whole genome sequencing, the patient's karyotype was verified to be 46,XY, and DNA microarray analysis on the patient was nondiagnostic as described in (Esplin et al., 2015) . Parental DNA microarray studies were not performed.
| DNA extraction and quantification
Following the manufacturer's protocol, genomic DNA was extracted from liver, spleen, adrenal, and kidney tissues from the patient using AllPrep DNA/RNA FFPE kit (Qiagen, Valencia, CA). The DNA concentrations were quantified using the Qubit fluorometer (Life Technologies, Carlsbad, CA). Blood was collected from the patient's unaffected mother and father for genomic DNA extraction. The patient has no siblings. We then sent the extracted DNA from the patient and parents to Macrogen (Rockville, MD) for 35X coverage Illumina Next Generation Whole Genome Sequencing using the HiSeq X Ten sequencing platform and received raw sequencing reads in FASTQ format.
| Identifying candidate causal variants
Sequencing reads were mapped to the GRCh37/hg19 assembly of the human genome using the MEM algorithm of the Burrows-Wheeler Aligner, version 0.7.10-r789, with default parameters (Li, 2013) .
Duplicate reads were marked with Picard Tools, version 1.105 (Broad Institute, Picard Tools, 2017) . Variants were called using the Genome Analysis Toolkit, version 3.4-46-gbc02625, following the HaplotypeCaller workflow in the Genome Analysis Toolkit Best Practices, including insertion/deletion realignment and base quality score recalibration (DePristo et al., 2011; Wenger, Guturu, Bernstein, & Bejerano, 2017) .
ANNOVAR version 527 was used to annotate variants with a predicted effect on protein-coding genes from the ENSEMBL gene set, version 75, and with an allele frequency in the Exome Aggregation Consortium and 1000 Genomes Project control human populations (1000 Genomes Project Consortium et al., 2015 Lek et al., 2016; Wang, Li, & Hakonarson, 2010; Yates et al., 2016) .
Variants were filtered to retain rare variants (maximum allele frequency <1% in any 1000 Genomes Project and in every subpopulation of ExAC version 0.3) that are predicted to be missense, truncating, in-frame insertion or deletion, stop codon loss, or splice-site disrupting.
Variants were additionally filtered based on their segregation in the family trio. Both dominant and recessive models were considered.
| Identity-by-descent detection
The Beagle 4.0 software package, which supports haplotype phasing (Browning & Browning, 2007) and identity-by-descent (IBD) detection (Browning & Browning, 2013) , was used to identify IBD regions in the Only the WNT5A variant matches the patient's phenotype.
Photographs of the patient are included with the initial report of this case (Esplin et al., 2015) .
3.2 | Trio whole genome sequencing identifies a candidate variant in WNT5A
In total, we observed eight genes containing 11 predicted rare variants with high quality supporting reads (see Table 1 ). Six of these genes contained eight candidate missense variants. To predict whether the missense variants were likely pathogenic, we used M-CAP (Jagadeesh et al., 2016) . M-CAP is a clinical pathogenicity classifier that annotates rare (1% frequency in all ExAC subpopulations) missense variants with a likelihood of being pathogenic. Variants with an M-CAP score of less than 0.025 are considered likely benign with a sensitivity of 95%.
Four of the eight candidate missense variants were annotated as likely benign by M-CAP. Further manual review prioritized the variant NM_003392.4:c.561delC, p.Tyr188Metfs*31 in exon 4 of WNT5A (see Table 1 ). As the variant is predicted to cause a frameshift roughly in the middle of the protein's Wnt signaling domain, the resulting protein is likely either not functional or not translated after nonsense-mediated decay (Brogna & Wen, 2009 
| Clinical evaluation of parents
As autosomal dominant, WNT5A-related RS is a known entity, we con- 
| Mouse Wnt5a double knockouts display a phenotype resembling Robinow Syndrome
A mouse line with functionally inactivated Wnt5a genes by gene knockout targeting exon 2 has been described previously (Yamaguchi et al., 1999) . Notably, heterozygous mice were phenotypically normal. (Yamaguchi et al., 1999) Facial features Small appearing nose; narrow nares; widely spaced eyes; crescent shaped mouth Truncated snout, mandible, and tongue (Yamaguchi et al., 1999) , facial abnormalities (Oishi et al., 2003) Cardiac Displacement of the heart to the left neck region with truncus arteriosus; ventricular septal defect Ventricular septal defects (Oishi et al., 2003) Gastrointestinal Malrotation of the gut with polysplenia; diaphragmatic hernia, atretic anus
Defects along gastrointestinal tract (Cervantes et al., 2009) ; severely shortened small intestine (Cervantes et al., 2009 ); imperforate anus (Cervantes et al., 2009) Genitourinary Ambiguous genitalia with bifid scrotum versus redundant; thickened labial swellings; no identifiable phallus; caudally displaced urethra near anus; bicornuate uterus; without evidence of gonads bilaterally Absent genital tubercle (Yamaguchi et al., 1999) ; dysplasia of genitals (Oishi et al., 2003) Skeletal Rhizomelia; adactyly of the hands and feet; rudimentary thumbs Lack of digits in both fore-and hind-limbs; shortened limbs (Oishi et al., 2003; Yamaguchi et al., 1999) Other Bochdalek left posterior diaphragmatic hernia; herniation of stomach and spleen; hypoplasia of the left lung; bifid thymus Lung defects (Li et al., 2002) Comparison of patient phenotypes with those observed in Wnt5a double knockout mice. Notably, heterozygous Wnt5a knockout mice appear phenotypically normal (Cervantes et al., 2009; Li et al., 2002; Oishi et al., 2003; Yamaguchi et al., 1999) .
However, homozygous inactivation of Wnt5a led to perinatal lethality, similar to the reported patient. Morphologic analysis of double Wnt5a knockout mice in late embryonic stages (17.5-18.5 d.p.c.) revealed severe phenotypic abnormalities that were similar to the patient's phenotypes ( Table 2 ). The double knockout mice displayed a truncated snout, mandible, and tongue, as well as limb defects. In a different knockout study, mice displayed multiple defects along the gastrointestinal tract, with a severely reduced small intestine, shorter cecum, and (Person et al., 2010) . (e,f) Homozygous loss-of-function mutations in either ROR2 or WNT5A impair downstream signaling as well, resulting in Robinow syndrome [Color figure can be viewed at wileyonlinelibrary.com] imperforate anus (Cervantes et al., 2009) . Also reported were lung dysplasia (Li et al., 2002) and VSDs (Oishi et al., 2003) .
| D I SCUSSION
Our findings suggest that biallelic WNT5A loss of function can result in a severe presentation of RS-manifesting features atypical of this condition including congenital diaphragmatic hernia, malrotation of the gut, and bifid thymus.
All previously reported dominant WNT5A mutations resulting in RS have been missense. However, the apparent unaffected or perhaps subclinically affected status of the patient's parents suggests that dominant WNT5A-related RS may not result from simple haploinsufficiency and may rather be the result of dominant negative or other effects. To ask if WNT5A is loss-of-function intolerant, we used the gene's pLI score (Lek et al., 2016) . The pLI score gives a gene's probability of being loss-of-function intolerant based on the difference between the observed number of loss-of-function variants in ExAC and the expected number of loss-of-function variants, derived from mutation statistics in similar genes in ExAC. Genes with a pLI score above 0.9 are considered to be extremely loss-of-function intolerant. WNT5A has a pLI score of 0.97 (the 88th percentile among all genes with a pLI score), indicating that it is extremely loss-of-function intolerant. This suggests that there may be selection against loss-of-function variants in WNT5A. We consider the possibility that carriers of such variants may be mildly affected, by short stature as seen in the patient's father for example. This could be consistent with incomplete or semidominance for such alleles.
Wnt5a double knockout mouse strains display similar phenotypic features as the patient (Cervantes et al., 2009; Oishi et al., 2003; Yamaguchi et al., 1999) . Wnt proteins are known to be important morphogens (Nusse, 2005; Nusse & Clevers, 2017 ). ROR2 has been described as a receptor of WNT5A in mice (van Amerongen, Fuerer, Mizutani, & Nusse, 2012) and is associated with autosomal recessive RS in humans. Similar to the human phenotype, heterozygous Ror2 knockout mice appear phenotypically normal (Takeuchi et al., 2000) . However, double Ror2 knockout proved to be lethal and resulted in similar phenotypes to double Wnt5a knockouts (Takeuchi et al., 2000) . Since previ- . Heterozygous frameshift and splice-site variants affecting the last 2 exons of DVL1 and DVL3 have been reported to result in RS (White et al., 2015 (White et al., , 2016 , suggesting either haploinsufficiency or gain-of-function/dominant negative effects of mutations in the last exons of these two genes.
In summary, we present the clinical and genetic characterization of a first family affected by a severe form of RS associated with biallelic WNT5A mutations. These findings expand understanding of both the clinical and molecular spectra of the condition and provide data relevant to the mechanisms responsible for WNT5A related disease.
ACKNOWLEDGMENTS
